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A C C E P T E D M
A N U S C R I P T
Introduction The Unique Presentation of the P. Leucopus Mouse
The white-footed mouse (P. leucopus) is advantageously unique in a number of different ways. Perhaps the most prominent characteristic of P. leucopus mice is their longevity. P. leucopus mice have a maximum lifespan of ~8 years and an average life expectancy of ~4 years, while the maximum lifespan of M. musculus mice is only ~3.5 years along with an average life expectancy of ~1.5 years (Sacher and Hart, 1978) . One of the driving factors for this extended longevity is likely the enhanced neurophenotype, or neurological presentation, of P. leucopus mice. This neurophenotype is in reference to the characteristics of myelin sheath and enhanced neuronal preservation (Torello et al., 1986) .
The process of myelination in the central nervous system is carried out by oligodendrocytes (Snaidero et al., 2014) . Cholesterol, a lipid sterol, plays a critical role in myelin sheath development as carried out by oligodendrocytes (Saher et al., 2005) . M. musculus mouse squalene synthase knockouts inflicted with the lack of ability to synthesize cholesterol in myelin-forming oligodendrocytes exhibit ataxia and tremor (Camargo et al., 2017) . A previous study reported the cholesterol content per total lipid extract of P. leucopus mice to be 12% greater than that of M. musculus mise, with P. leucopus mice exhibiting a better maintained neuronal cell population throughout life (Torello et al., 1986) . The same study reported the brain weight of P. leucopus mice as 43% greater than that of M. musculus mice, despite nominal difference in body weight and size (Torello et al., 1986) .
Another remarkable characteristic of P. leucopus mice is their relationship with Lyme disease, characterized in humans as an infection by the tickborne spirochete Borrelia burgdorferi (Burgdorfer et al, 1982; Schwartz et al., 2017; Steere 2001) . While being an active carrier of the pathogen, P. leucopus mice are one of very few mammalian hosts that are asymptomatic to the disease, including evasion of neuroborreliosis (Schwanz et al., 2011; Voordouw et al., 2015) . Neuroborreliosis describes the neurologic manifestations of Lyme disease (Rupprecht et al., 2008; Halperin, 2017) . Interestingly, B. burgdorferi relies
heavily on cholesterol exchange between host and self, disrupting lipid microdomains in host cells (Crowley et al., 2013) . Given the high-cholesterol, high-lipid neurophenotype of P. leucopus mice, this further increases speculation for identifying the underlying neurophysiological mechanisms which may be involved.
Myelin Basic Protein Diversification and Function
Myelin basic protein (MBP) refers to a multi-functional group of proteins, categorized as "classic" MBPs and "Golli" MBPs . The MBP gene, which spans over 100kb in length, requires complex transcriptional and post-transcriptional regulation to produce the various MBP isoforms at specific stages throughout development (Campagnoni et al., 1993 , Dionne et al., 2016 . Classic MBP isoforms are found within the myelin sheath, where they play a structural role in the compaction of myelin (Aggarwal et al., 2013; Wang et al., 2011) . Golli MBP isoforms are heavily involved in oligodendrocyte development and regulation of myelination, among other functions (Fulton et al., 2010; Givorgi et al., 2001; Jacobs et al., 2009) .
Golli MBPs are not found within the myelin sheath, yet they have a broader range of functionality and spatial distribution in comparison to classic MBPs. One location of Golli MBPs is within the extension processes of oligodendrocytes, aiding in the process of myelination . The cellular nucleus is another area of localization for Golli MBPs, suggesting involvement in neuronal development (Reyes and Campagnoni, 2002) . Expression of Golli MBPs is also present in the immune system, demonstrating involvement in T-cell regulation (Feng et al., 2004; Givorgi et al., 2000 , Pribyl et al., 1996 .
MBP has been linked to multiple disease states, including multiple sclerosis and Alzheimer's disease (Husted 2006; Liao et al., 2010; Zhan et al., 2015) . Variation within a portion of the MBP gene dedicated to Golli MBP has been linked to multiple sclerosis (MS) susceptibility (Tienari et al., 1998) . In golli-MBP knockout mice, the process of myelination is delayed and the resulting myelin is morphologically abnormal (Jacobs et al., 2005) . Lower levels of Golli MBP expression reduces rate of relapse in experimental autoimmune encephalomyelitis (EAE) mice, implicating a complex immunological role of Golli MBPs in neuropathology (Voskuhl et al., 2003) . An association between genetic polymorphisms in Golli MBPs and schizophrenia susceptibility has also been suggested (Baruch et al., 2009) .
To generate better insight into the unique neurophenotype of P. leucopus mice, we explored MBP as a candidate of interest. As the literature suggests, both classic and Golli forms of MBP play vital roles in proper nervous system functionality. Based on the notion that protein structure dictates function, we searched for structural variation between MBP of P. leucopus mice and MBP of the generic M. musculus mice.
Materials and Methods

Computational Sequence Analysis of M. musculus Mouse and P. leucopus Mouse MBP Transcripts
The M. musculus mouse mRNA sequences for both classic and Golli MBP isoforms were obtained from the NCBI database (NCBI Reference Sequence: NC_000084.6). The P. leucopus mouse transcriptome data was obtained through the Dryad Digital Repository (Dryad doi: 10.5061/dryad.6hc0f). The P. leucopus mouse transcriptome data was formatted as a custom nucleotide database to be queried against. The open reading frame (ORF) of the various M. musculus mouse MBP mRNA sequences served as query sequences.
Computational Proteomic Analysis of M. musculus Mouse and P. leucopus Mouse MBP
The M. musculus mouse MBP BG21 amino acid sequence was obtained from the NCBI database (GenBank: BAC30679.1). The sequence of homology from M. musculus mice (Hom-MM) along with the sequence of homology from P. leucopus mice (Hom-PL) obtained from the BLAST (Basic Local Alignment Search Tool) search were translated into amino acid (AA) sequences, denoting two variants of MBP BG21. The AA sequences were compared for single amino acid polymorphism (SAP) presence. (PS) 2 Protein Structure Prediction Server Version 3.0 was used to generate structural predictions for the two candidates.
2 generates three-dimensional protein structures based on AA sequence and corresponding homology (Huang et al., 2015) . The two structural predictions were visualized using Chimera software, and α-helix location and sequence variation were determined.
Results
MBP BG21 Analog Identity and Variation in the P. leucopus Mouse
We aimed to determine whether there are any variations in MBP between P. leucopus mice and M. musculus mice in light of the enhanced neuroprotective properties of P. leucopus mice and the involvement of MBPs in various neurophysiological processes. To determine if there are any genetic or proteomic differences in MBP, we compared the mRNA sequences of the two mouse species. Genetic and proteomic resources of P. leucopus mice are currently sparse, with the NCBI database containing a very limited number of annotated genes from P. leucopus mice. A previous ecological genomic study extracted RNA from 48 individual P. leucopus mouse specimens, and sequencing of the RNA generated a reference transcriptome comprising of a total of 40,908 contigs (Harris et al., 2014) . We used this P. leucopus mouse transcriptome data for novel analysis.
The ORF sequences of various M. musculus mouse MBP isoforms obtained from the NCBI database were used as query sequences. Using BLAST, the M. musculus mouse query sequences were run against the custom P. leucopus mouse database. The BLAST search revealed a partial analog contig within the P. leucopus mouse transcriptome database which matched the query sequence for M. musculus mouse MBP BG21 (GenBank: AK040716.1) with a 98.9% nucleotide sequence identity. This consecutively running and uninterrupted area of homologous alignment spans a total of 284 nucleotides. We analyzed this area of alignment for single nucleotide polymorphism (SNP) presence and identified three SNPs differentiating the sequence of homology Hom-MM from the sequence of homology Hom-PL (Figure 1 ; Table 1 ). SNP 1 exhibits T/C nucleotide differentiation, SNP 2 exhibits G/A nucleotide differentiation, and SNP 3 exhibits C/T nucleotide differentiation.
In light of the 98.8% nucleotide sequence identity match, it is highly unlikely for these SNPs to be anything other than a natural occurrence. Thus, it is important to consider these SNPs between the Hom-PL and Hom-MM as potential differentiating markers between the two species. Furthermore, the contig from which Hom-PL was obtained contains no sequence data upstream of the 5' end of the contig as shown in Table 1 , rendering anything preceding this sequence as invisible from the current data for P. leucopus mice. In comparison, Hom-MM was extrapolated from the pre-existing data of the complete M. musculus mouse MBP BG21 sequence, which does contain additional coding sequence both upstream and downstream from Hom-MM (Table 1) .
Without further sequencing of the P. leucopus mouse transcriptome, we cannot know for certain what is contained within the invisible area upstream of Hom-PL. However, taking into consideration the previously mentioned factors, the insertion of the Hom-PL in place of the Hom-MM within the M. musculus mouse MBP BG21 sequence produces a candidate for a P. leucopus mouse MBP BG21 analog until further sequencing data from the organism is acquired. In this manner, we conducted proteomic analysis on the P. leucopus mouse MBP BG21 analog.
Proteomic Variation of the P. leucopus Mouse MBP Analog
The nucleotide sequences of M. musculus mouse MBP BG21 and the P. leucopus mouse MBP BG21 analog were translated into their corresponding amino acid sequences. The resulting AA sequence from the previously determined M. musculus mouse MBP BG21 mRNA ORF is an exact match of the AA sequence acquired from Genbank. We found one SAP upon comparison of the two AA sequences ( Table  2 ). The P. leucopus mouse MBP BG21 analog comprises of glutamic acid (Glu/E) in place of the glycine (Gly/G) present in M. musculus mouse MBP BG21 at position 129 of the AA sequence. We ran protein structure predictions of the two AA sequences to explore whether this SAP may have any emanate structural effects.
The structural predictions depict five separate α-helices within MBP BG21. In the P. leucopus mouse MBP BG21 analog, two of these α-helices are markedly shortened in comparison to that of the M. musculus (Figure 2) . Helix 1 is 14 AA long in M. musculus mouse MBP BG21 versus 5 AA long in the P. leucopus mouse MBP BG21 analog (Figure 2, magenta) , and Helix 2 is 6 AA long in M. musculus mouse MBP versus 4 AA long in the P. leucopus mouse MBP BG21 analog (Figure 2, cyan; Table 3 ). Additionally, conformational changes are visible in the areas of the protein encompassing these two α-helices. These differences illustrate the impact one single AA polymorphism can have on protein structure. Furthermore, these data illustrate two distinct candidates of MBP BG21 variation between M. musculus and P. leucopus mice.
Discussion
The various MBP isoforms are a limited number of the many molecular entities required for proper function of the nervous system. The Golli MBPs represent an even smaller fraction, yet they demonstrate diversified involvement in various neurophysiological and immunological processes. The multivariate complexity of nervous system functionality presents many avenues for specific defects by which gross dysfunctionality can occur and ultimately manifest as a disease-state. Consequently, it is important to explore all of these avenues to identify the differential defects capable of rendering dysfunctionality. MBP variation is one such avenue.
MBP BG21 Variation and Molecular Consequences
Protein structure is integral to function, with strong influence from the central dogma of molecular biology. DNA is transcribed into RNA which is translated into AA sequence, followed by structural conformation as influenced by said sequence. Sequence polymorphisms often lead to loss of function, but can also lead to differential or even enhanced functionality. A single SNP may change an entire phenotype, as demonstrated by the single SNP variation of the HBB gene in sickle cell anemia (Carlice-dos-Reis et al., 2017). Furthermore, MBP variants produced by specific AA substitutions demonstrate alterations in oligodendrocyte development and protein localization (Smith et al., 2011 ). Here we report three SNPs in the BG21 isoform of MBP from P. leucopus mice.
Our results exhibit two structurally distinct variants of MBP BG21. M. musculus mice present with a normal neurophenotype, and their MBP BG21 variant can be referred to as a variant of normal functionality. In contrast, P. leucopus mice present with an enhanced neurophenotype. Consequently, the MBP BG21 variant of P. leucopus mice can be referred to as either a variant of normal functionality or a variant of enhanced functionality. The structural variation between the two species does not confirm the P. leucopus mouse MBP BG21 variant to be of enhanced functionality. Therefore, both possibilities should be retained in recognition that the P. leucopus mouse MBP variant can facilitate either normal or enhanced functionality.
Prior to this genetic and proteomic analysis, the various MBP isoforms were an entirely hypothetical group of candidates for the enhanced neurophenotypic durability of P. leucopus mice. Our data specify a novel variant of MBP BG21 which features distinct genetic and downstream proteomic variation. Based on these findings, we propose the MBP profile of the P. leucopus mouse should be explored in greater detail at the molecular level for a better understanding of potential neurophenotypic implications.
Functional Implications of MBP BG21 Variation
The various roles of Golli MBPs are continually researched in a variety of contexts. The BG21 isoform of MBP is suggested to be a multi-functional protein expressed in both the nervous and immune system. This notion of multi-functionality is supported by spectroscopic analyses, which uncover intrinsic disorder and environment-dependent conformational alterations in MBP BG21 Bamm et al., 2007) . A central theme of calcium signaling regulation is maintained by MBP BG21. The mechanism of calcium influx regulation by MBP BG21 is attributed in part to interaction with calcium-sensing protein STIM1 (Walsh et al., 2010) .
In oligodendrocyte precursor cells (OPCs), the induction of calcium influx by MBP BG21 promotes cell process extension and migration (Paez et al., 2007; Paez et al., 2009 ). MBP BG21 is also involved in OPC proliferation and cell death (Paez et al., 2009) . Another study demonstrated that AA substitution of glycine with alanine in the N-terminus of MBP BG21 reversed the pattern of calcium influx in cortical (Cheli et al., 2016) . MBP BG21 is clearly an important protein within the oligodendrocyte lineage of the nervous system. Furthermore, structural variation in BG21 attributed to AA substitution has previously demonstrated functional modification.
In T-lymphocytes, calcium influx is also regulated by MBP BG21. The activation of T-lymphocytes is negatively regulated by MBP BG21 through inhibition of calcium influx (Feng et al., 2004) . The previously mentioned AA substitution of glycine with alanine disrupted membrane association of MBP BG21 in Tlymphocytes (Feng et al., 2006) . As with the nervous system in oligodendrocytes, MBP BG21 plays a significant role in the immune system within T-lymphocytes. Moreover, this function is also modified by a specific AA substitution.
The unique presentation of P. leucopus mice in regards to nervous system preservation and immunity against Lyme pathogenesis is an interesting phenomenon. In light of the research conducted to date on MBP BG21, it is possible that the novel P. leucopus mouse variant of MBP BG21 presented here may play a role in this phenomenon. This notion regarding the potential implications of MBP BG21 variation remains unanswered and requires further investigation.
Conclusions
The genetic and proteomic research in profiling P. leucopus mice is nascent. New data provide insight into the unique characteristics of this species of mouse. Our analysis of MBP in P. leucopus mice reveals a novel variant of the BG21 isoform of MBP. In comparison to MBP BG21 of generic M. musculus mice, this novel variant presents with three distinct SNPs and one corresponding SAP. Computational prediction of protein structure demonstrates potential structural variation. Whether or not this variation is responsible for any modification of MBP BG21 functionality in P. leucopus mice requires further investigation. However, these findings are significant in regards to three aspects. First, there has been no genetic annotation of MBP in P. leucopus mice to date. Second, the enhanced neurophenotype of P. leucopus mice has been documented but is not understood at the molecular level. Third, the data presented add to the continuouslyevolving research and understanding of the MBP family of proteins, which play significant roles in the function of the nervous and immune systems.
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